A balance method was used to investigate the viscometric behavior and aggregation properties of blood at very low shear rates. The system was essentially a parallel-plate viscometer, consisting of a thin brass plate suspended by a fine wire from one end of an analytical beam balance. The yield shear stress of a sample was obtained directly by recording stress relaxation curves. Results were obtained for homogeneous Newtonian and non-Newtonian fluids and for blood and various red cell suspensions. It was found that human and canine blood behave as fluids exhibiting a yield stress. Suspensions of red cells in saline had much smaller values of yield stress, which is consistent with greatly diminished erythrocyte aggregation when fibrinogen is lacking. Measured values of the yield stress were in the range of 0.001 to 0.1 dynes/cm 2 .
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• It has been recognized since the time of PoiseuUle that blood is a complex fluid rheologically. Studies (1) (2) (3) (4) have since shown that blood behaves in vitro as a non-Newtonian fluid whose viscosity may vary with the flow geometry and flow conditions. Similarly, the tendency of erythrocytes to aggregate in normal human blood has been well known since the work of Fahraeus (5) and is the basis of the test of sedimentation rate. However, only recently has work been undertaken to obtain quantitative rheological measurements in the low-shear region, where red cell aggregation is important (6) (7) (8) (9) (10) (11) . In particular, experiments with Couette and capillary viscometers by Merrill and Cokelet and their co-workers (10) (11) (12) (13) have indicated that the plasma protein fibrinogen causes normal human blood to exhibit a measurable yield shear stress under no-flow conditions. Although intercellular forces may dramatically affect the rheological behavior of From the Faculte de Medecine de Nancy, Physio-Pathologie Respiratoire, Nancy, France.
Accepted for publication December 5, 1967. blood at low shear rates, these forces are very small. The previous measurements of the yield stress of blood (10) (11) (12) (13) have been made with the aid of electronic transducers incorporated in Couette and capillary viscometers. Although recent work has elucidated some aspects of the rheology of blood at low shear rates, there does not as yet exist a simple laboratory method of quantitatively measuring the aggregation properties of blood cells. This is one reason why the physiological implications of these phenomena are very imperfectly understood.
The objective of the present study was to investigate the rheological properties of blood by a simple viscometric method capable of measuring extremely small shear stresses. The instrument is essentially a parallel-plate viscometer and incorporates an ordinary analytical balance for the stress measurement. It allows direct measurement of the yield shear stress of a Liquid sample. The yield stress is a rheological parameter relevant to cell aggregation, as it represents a resistive force that the fluid can maintain under static conditions. Schematic diagram of balance viscometer. Brass plate is completely itnmersed in liquid sample. Readout is accomplished optically. Scale on counterbalance pointer (± 100 divisions) is projected on ground-glass vernier scale (± 10 divisions). Optical path is shown, consisting of a reflector, lamp bulb, lens, scale on pointer, lens, and ground-glass screen. Sensitivity of balance can be altered by clipping small weights near the bottom of the counterbalance pointer and by the fine adjustment labeled Sensitivity. Balance reading gives shear stress at plate, while rate of change of reading with time is proportional to velocity of plate.
Method
The apparatus is shown schematically in Figure 1 . It consists of the following components.
1. An August Sauter 1 analytical beam balance, from which the dashpot damping device was removed. Readout is accomplished by optical projection on a ground-glass screen. The readout scale is divided into 200 divisions ( ± 100), each division representing 0.1 mg at the normal sensitivity. A vernier scale permits readings accurate to 0.1 division. The sensitivity of the balance could be altered by adding weights near the bottom of the counterbalance pointer; the sensitivities used were 0.105, 0.386 and 0.555 mg/division. For a full-scale reading of 100 divisionŝ Ebingen, Germany. the vertical displacement of the plate (see below) was 1.18 mm.
2. A pan for addition of equilibrating weights is suspended from one end of the beam. From the other a thin rectangular brass plate is hung by a specially constructed frame and a rigid copper wire 0.1 mm in diameter. Plates of different surface texture were used-smooth, roughened with abrasive paper (horizontal furrows about 20 fj i deep), and roughened with a scribe (parallel horizontal furrows about 100 /j. deep, 250 fi apart). The various plates used are described in Table 1. 3. The plate is completely immersed in the liquid sample in a Plexiglas receptacle with parallel walls. Receptacles of two gap widths, 5 and 8 mm, were used. The plate is centered in the gap by eye, hence the distance between the plate and walls was about 2.5 and 4 mm for the two gap widths.
4. Samples are introduced by a syringe and 3-mm plastic tubing through an inlet port at the bottom of the receptacle. Depending on the dimensions of the plate and receptacle used, samples of 15 to 40 ml were required.
Operation of the instrument is as follows.
(1) The plate is suspended from the frame and centered in the gap of the receptacle. (2) The latter is then filled by the syringe to completely cover the plate. (3) The balance is then zeroed by adding appropriate weights to the pan and by using an incremental device incorporated in the balance (increments of 10 mg). The zero equilibrium position includes the Archimedean buoyant force on the plate, thus the equilibrating weights required vary slightly from sample to sample. (4) The balance is now displaced manually away from the equilibrium position and allowed to return under its own action. The stress decay curve is obtained by recording the balance reading at various time intervals with the aid of a stopwatch. (5) When equilibrium is attained, the balance is again displaced manually, this time in the opposite direction, and the decay curve is again determined. For an ordinary liquid the equilibrium position is independent of the direction of displacement. Conversely, if the fluid possesses a yield shear stress, the balance readings approach asymptotic values which are distinctly different according to the direction of the displacement. The "dead space" between the two asymptotic values is a measure of the resistance to shear under static conditions. The initial balance deflection was selected by a trial-and-error procedure to insure that the system was overdamped (see Theory). For blood samples an initial deflection of at least three times the position corresponding to the yield stress was used. Positioning the plate in the receptacle is no problem so long as a gap of 5 mm or greater is used. Once centered, the plate remains in position when the balance is displaced. If the plate is not properly centered and touches the walls of the receptacle, this is observed immediately, both visually (through the Plexiglas wall) and by the resulting friction on the balance mechanism. It may be noted that the plate is, in principle, subject to a lateral displacement during deflection of the balance, this displacement being equal to L (1 -cos 6), where L is the distance from the pivot to the suspension point and 9 is the angle of displacement. In the present instrument, L = 55 mm and.for a full-scale deflection, 6 = 1.2°, giving a calculated maximal lateral displacement of the order of 0.01 mm. Thus, lateral motion of the plate during a stress decay
The system used is similar in principle to that employed by Boardman and Whitmore (14) , who measured yield points of flocculated clay suspensions. Their stress measurements were made by using a calibrated wire operating on a cantilever principle. The present technique differs in that (1) it incorporates an analytical balance, allowing much smaller stress measurements (by a factor of 10 8 to 10 4 ), and (2) the technique of displacing the balance first in one direction and then in the other eliminates the necessity of knowing the densities of the fluid or plate.
The following fluids were tested in the instrument: water; glycerine (ordinary commercial grade); dilute aqueous solutions of a carboxy vinyl polymer, Carbopol 934 2 neutralized with is entirely sodium hydroxide, as recommended by the manufacturer; normal human blood obtained by venepuncture of a superficial vein of the arm; human plasma; human blood obtained by venesection of patients with respiratory insufficiency and secondary polycythemia (a superficial vein of the arm was used); human blood obtained with an indwelling Cournand needle from the brachial artery of patients with various types of respiratory deficiency; canine blood from healthy mongrel dogs, obtained from the femoral artery after intravenous anesthetization with thiopental; suspensions of human erythrocytes in saline (isotonic NaCl) and fibrinogen-saline solutions. The fibrinogen was a clinical grade. Sixty-eight samples of blood and red cell suspensions were tested. Heparin was always used as the anticoagulant. Canine and human samples were withdrawn into heparinized glass syringes and tested within a few hours of collection. Samples not run immediately were kept refrigerated at 4°C. Polycythemic blood samples were obtained from patients by venesection of 400 ml of blood into heparinized glass collection flasks. In aging studies, the latter samples were stoppered and kept refrigerated at 4°C for up to 1 week, samples being taken at various time intervals for measurements. The method of preparing red cell suspensions was essentially the same as that of Merrill et al. (12) . Suspensions of erythrocytes in solutions other than plasma were prepared by centrifugation in a refrigerated centrifuge at 4000 rpm, washing twice in the desired medium, each time removing the buffy coat, and finally resuspending in the medium to the desired hematocrit. In some cases samples of normal blood were adjusted to give elevated hematocrits by centrifuging once, removing the buffy coat, and combining appropriate volumes of red cells and plasma. Hematocrits were not corrected for trapped plasma.
The effect of the anticoagulant was not investigated, as the apparatus was not suitable for measurements on native blood. However, Cokelet and Merrill and their co-workers (10-13) have shown that red cell aggregation, as measured by low-shear viscometry, is essentially unaffected by the addition of either heparin or acid-citratedextrose anticoagulants.
All experiments were carried out at room temperature, which varied between 20° and 24°C. Samples were thoroughly agitated manually before introduction into the device. When measurements were repeated, the sample was agitated after each pair of determinations of decay curve by rapid withdrawal and reinjection with the syringe.
Theory
The instrument used is seen to be basically a parallel-plate viscometer operating on an unsteady-state principle. The suspended plate is the moving member, the resistance to shear being furnished by the fluid between the constraining walls and both sides of the plate. An analysis of the system is given below, and the notation used is given in Table 2 . Interpretation of stress decay curves, as well as discussion of the basic variables of rheology, is given in references 3,10, 12 and 15.
By definition, the shear stress at the plate is the ratio of the force measured by the balance to the plate area. Therefore,
If the plate is centered in the gap, the shear rate is the ratio of the velocity of the plate to the plate-wall distance:
Since the plate velocity is proportional to the c 
Equation 5 is a first-order differential equation, whose solution is = M o e~a t (7) showing that for the Newtonian case the balance reading should return to zero exponentially. Thus, if the fluid is non-Newtonian, the decay curve will not be a simple exponential; it will, however, return to zero if a yield stress is absent.
If the fluid exhibits a yield shear stress, the balance reading decay curves will behave as shown schematically in Figure 2 . Here, the balance is assumed to be displaced first in one direction and then in the other, both curves being traced with the initial deflection occurring at t = 0. The difference in balance reading AM between the two asymptotes represents twice the yield shear stress. Thus, one obtains the yield stress directly from equation 1:
It is to be especially noted that the yield stress measurement should be independent of the lateral position of the plate in the gap, or even of the shape of the receptacle in which the fluid is confined. Although the dynamic response of the system depends on the plate-wall distance, the yield stress is a static measurement obtained when the plate is no longer in motion. Thus, the plate was simply suspended in the receptacle, and no special effort was made to center it exactly in the gap.
The fact that the decay curves are obtained with the balance in motion under conditions of steadily decreasing velocity of the plate requires knowledge of the dynamic behavior of the balance and the hydrodynamic behavior of the fluid not in a steady state.
The dynamic behavior of the system is determined by the relative magnitudes of its moment of inertia and of the viscous force acting on the plate. If the liquid sample has a very low viscosity, the system will be underdamped and will oscillate about the equilibrium point. On the other hand, if the viscosity is large, the system will be above critical damping, and the decay curve will be a smooth one approaching the equilibrium position asymptotically. The two types of behavior are illustrated in Figure 3 . If the fluid possesses a yield stress, the system will Dynamic behavior of balance for cases of (A) below critical damping, and (B) above critical damping. If fluid has yield stress, system will always be overdamped provided U is released near point corresponding to the yield stress, as shown in Figure 2 .
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BEN IS, LACOSTE always be above critical damping, provided it is released close enough to the position corresponding to the yield stress, as shown in Figure 2 .
With regard to the hydrodynamic behavior of the fluid not in a steady state, an analysis can be carried out easily for the Newtonian case. It may be shown by a perturbation technique (15) that the shear rate at the plate wall may be expressed as coordinates in Figure 4 . It may be seen that the data fall along a straight line, in excellent agreement with exponential decay behavior predicted by equation 7. Thus, effects due to the inertia of the system were negligible. The value of e computed from equation 10 was 4 X 10~B, confirming the validity of using equation 2 under hydrodynamically unsteady conditions.
Carbopol-Carbopol 934 is a carboxy vinyl
Comparing equation 9 with equation 2 and recognizing that 'QlnU/dt = -a, one finds that the error in using the steady-state shear under conditions when U is changing is
For a 1% error in shear rate, e must be less than 10 -2 . Although equation 10 is strictly valid only for the Newtonian case, it may be used for order-of-magnitude estimates for non-Newtonian fluids by employing instantaneous experimental values of a. Therefore, equations 2-7 may be used within negligible error if (1) the system is above critical damping, and (2) the shear rate may be regarded as being quasi-steady (e < 10~2). For measurement of the yield stress, as shown in Figure 2 , it is necessary only that the system be overdamped and be released close enough to the point corresponding to the yield stress so that the asymptotic position of the plate is unaffected by the inertia of the system.
Results
Newtonian fluids.-Experiments with water and human plasma revealed that the system was below critical damping for these fluids, even using the larger plates, the 5-mm gap, and the highest balance sensitivity. The dynamic behavior of the system was as illustrated in Figure 3A .
With glycerine as the experimental fluid, the system was above critical damping. A decay curve is plotted on semilogarithmic (9) polymer, aqueous solutions of which when neutralized form gels and are known to ex- Balance displacement decay curves on semilogarithmic coordinates for (A) glycerine and (B) Carbopol solution. Instrument parameters: h -4 mm, plate E. Curve A is a pure exponential, as predicted by equation 7. Curve B approaches a finite asymptotic value of balance displacement, shmuing that the solution possesses a yield stress. Balance displacement M is the displacement away from equilibrium. For glycerine the equilibrium position was obtained directly; for Carbopol it was taken as midway between successive decay curves, as shmvn in Figure 2 . See Tables 1 and  2. Circulation Research, Vol. XXII, Jsnwiry 1968 hibit a yield shear stress. 8 Such solutions are of interest here because they enable study of the behavior of the instrument when the fluid sample is a macroscopically homogeneous solution possessing a yield stress.
A decay curve for a solution of Carbopol, diluted to a concentration of less than 1%, is shown on semilogarithmic coordinates in Figure 4 . That the solution is non-Newtonian is indicated immediately by the fact that the curve is not a straight line. The solution is seen to possess a yield stress, as the curve approaches a finite asymptotic value of balance reading.
Decay curves obtained by successively deflecting the system in the two opposite directions as described in conjunction with Figure  2 are shown in Figure 5 . The yield stress as calculated from equation 8 was 0.18 dynes/ cm 2 . Values of shear rate (equations 2 and 3) calculated at selected time intervals are also shown. Since the plate was not exactly centered, these calculations are approximate. The observed behavior was as expected and serves as a check on the operation of the instrument.
Blood and red cell suspensions.-Decay
curves for samples of human and canine blood are shown in Figure 6 , along with calculated values of the shear rate at various time intervals. It may be seen that blood behaves as a fluid with a yield shear stress and, in fact, shows striking resemblance to the behavior of the solution of polymer gel. This behavior was found with few exceptions for the blood samples investigated, both human and canine. Accuracy in measurement of the yield stress was estimated to be ± 20 to 50%, as obtained by repeating pairs of decay curves. Also, in 4 out of 47 blood samples, no consistent values of yield stress could be obtained. Hematocrits were in the range of 40 to 75. Values of yield stress were computed by using equation 8. It should be noted that the decay curves cover ranges of shear stress of about 0.005 to 0.05 dynes /cm 2 and of shear rate from 10-2 to less than 10" B sec" 1 .
The reproducibility of the method is shown in Table 3 , where successive determinations of yield stress are shown for typical blood samples of various hematocrit. The samples were mixed between the repeated measurements. The mean value of the yield stress and the standard error are given for each series. Determinations of the yield stress over long periods of time are shown in Table 4 . Significant increases in the yield stress were noted after 24 hours, hence samples were normally run as soon as possible after collection.
Decay curves obtained for suspensions of red cells in saline, on the other hand, showed no detectable yield stress at normal hematocrits, as shown in Figure 7A . At elevated hematocrits, computed values of the yield stress were much smaller than those obtained for suspensions of red cells in plasma. The Decay curves obtained for Carbopol solution by deflecting balance in the two opposite directions. Points were obtained by recording the balance reading at time intervals. Yield stress was calculated from equation 8, while shear rates were calculated from equation 3. Absolute balance reading denotes scale reading actually observed between ± 100 divisions. Zero equilibrium point is between the two asymptotes. Tim* t f Minutes Tim* t, minutes 
Typical balance decay curves for (A) suspension of red cells in saline and (B) suspension of red cells in fibrinogen-saline solution. Suspensions of red cells in
threshold yield stress that could be measured precisely (1 division on balance) was of order 0.0005 to 0.001 dynes/cm 2 . Therefore, these results indicate that suspensions or red cells in saline adjusted to normal hematocrit do not exhibit a yield shear stress to this order of accuracy. Calculated values of the yield stress for the above-mentioned samples are shown on a yield stress-hematocrit diagram in Figure  8 . The ordinate scale is logarithmic because of the large range of r r . Points connected by a straight line indicate the same sample origin, where the hematocrit has been altered in vitro. Points for red cells in saline for saline at normal hematocrtis showed no detectable yield stress, while no consistent readings could be obtained for red cells in fibrinogen-saline. which no yield stress could be detected are plotted at the 0.001 dynes/cm 2 level. Also shown in the figure is the range of values obtained by Merrill and Cokelet and their associates (10) (11) (12) (13) in experiments with Couette and capillary viscometers.
To observe the behavior of samples exhibiting grossly high levels of erythrocyte aggregation, samples of red cells suspended in flbrinogen-saline solutions were prepared. The concentration of fibrinogen was 1.5% by weight, about three times that existing in normal plasma, such suspensions being known to exhibit abnormally high levels of aggregation (13) . A pair of stress decay curves is Circulation Rtsettch, Vol. XXII, January 1968 shown in Figure 7B . The behavior of these suspensions was erratic, with the curves often crossing as shown. No consistent values of yield stress could be obtained.
Surface tension and instrument variables.-The yield stress is ideally a property of the fluid in question, being independent of such factors as the method of measurement, fluid geometry, and previous history of the fluid. However, blood is a complex surface-active Values of yield stress obtained in this study. Points connected by straight line denote same sample origin where hematocrit was altered in vitro (dark points). Hatched area indicates range of values for normal human blood obtained by Merrill and Cokelet and their associates (10) (11) (12) (13) . Note that scale in r y is logarithmic; marker at lower right indicates a 100% difference in r y . Experimental error in T V was ±20 to 50%. nonhomogeneous suspension, hence it was necessary to examine some details of the instrument's operation.
Blood is known to form denatured protein layers at air interfaces, a factor that can cause experimental artifacts in low shear-rate viscometry (16) . In the present system, however, the surface effect on the suspending wire was immeasurably small. This was demonstrated by hanging small weights from lengths of the wire in question and attempting to measure the surface-tension force at the blood-air interface.
The magnitude of the balance displacement is of significance, as it is desired that the initial displacement be much greater than the dimension of a red cell aggregate. This condition was satisfied, the vertical displacement of the plate being of the order of 1 mm for a full-scale reading of 100 divisions. Thus, displacement of the balance to full scale before obtaining a decay curve represented an actual shearing of the sample, and not just a small elastic displacement of an aggregated red cell network. No dependence on the yield stress of the initial balance displacement was found as long as this displacement was small enough for the inertia of the system to be negligible. Also, it should be noted that if a sample exhibits a yield stress, the buoyant force on the suspending wire at equilibrium differs according to the direction of the displacement. However, the magnitudes of the wire diameter and plate displacement were so small that this effect was negligible.
When the balance is released after a deflection away from equilibrium, the rate of approach to equilibrium is proportional to the gap spacing and balance sensitivity but decreases with the plate area. This may best be seen from the Newtonian relations given in equations 6 and 7. The magnitudes of these variables were chosen so that equilibrium was attained for blood samples within a few minutes. The effect on the yield stress measurement of using different values of h, s and A was tested by using different receptacles, balance sensitivities, and plates for identical blood samples. In accordance with theory, measured values of yield stress were identical within experimental error. Some results for individual samples are presented in Table 3 . Also, the effect of using plates of different surface texture was not discernible. This is in agreement with the results of Boardman and Whitmore (14) , who found that measured values of yield stress for clay suspensions were independent of the plate size and nature of the surface finish.
Discussion
The results presented here are in basic agreement with those of Merrill and Cokelet and their co-workers (10) (11) (12) (13) , who reported that blood exhibited a yield shear stress in Couette and capillary flow. Also, their finding (12) that suspensions of red ceus in saline solutions lacking fibrinogen at normal hemato-Circulttion Rtstarcb, Vol. XXII, January 1968 BLOOD VISCOMETRY BY BALANCE METHOD 39 crits exhibit yield stresses of less than about 0.001 dynes/cm 2 is also corroborated by this study. Figure 8 , however, shows that most of the measured values of yield stress for blood are somewhat lower than those reported by Merrill et al.
As mentioned above, the yield stress is ideally a rheological property of the fluid and is not dependent on the method of measurement. However, for a suspension such as blood the yield stress is the result of the formation of a complex three-dimensional network of red cell aggregates and may depend on the hydrodynamic conditions leading to the formation of the network. In different instruments these conditions may not be the same, and the geometrical form and strength of the network may be significantly different. In fact, Boardman and Whitmore (14) in their experiments with clay suspensions found that the yield stress depended on the shear pattern in the fluid. From this point of view, the capillary and Couette methods used by Merrill et al. and the balance method used here involve some basic differences. The Couette and the balance techniques are both based on force measurements due to drag flow, but the Couette method involves a centrifugal force that is not present in the balance method. The capillary method, on the other hand, is based on flow due to a pressure gradient. Here, a finite pressure gradient exists as the yield point is approached, and in principle there can still exist a flow of plasma through a network of red cell aggregates under these conditions.
To the above factors may be added the possibility that sedimentation and wall effects exercise their effects in different manners in the three methods. Wayland (3) has pointed out that since sedimentation can alter the structuring of groups of erythrocytes, there should be a time-dependent hysteresis effect associated with the yield stress on stopping and starting shear. With regard to wall effects, Merrill et al. found it necessary to use rough surfaces to reduce effects of nonhomogeneity at the cylinder walls. It would thus be of interest to compare the present method with the Couette or capillary methods, using identical blood samples. It is interesting to note that in previous work with samples at normal hematocrits (12) , values of the yield stress as measured with Couette and capillary methods agreed within the limits of experimental error.
The accuracy of the measurements of yield stress in the present study was about ± 20 to 50$. Although the exact reason for the lack of better precision is not known, it seems to be an inherent result of the fact that blood is a nonhomogeneous suspension. Thus, successive decay curves may correspond to slightly different modes of cell aggregation, to which sedimentation may have been a contributing factor. With regard to suspensions of red cells in fibrinogen-saline, sedimentation was almost certainly the major reason why erratic decay curves were obtained. For these suspensions, gross erythrocyte sedimentation could be observed almost immediately after introduction of the sample into the apparatus. Also, the possibility of important wall effects, in which a plasma layer is formed adjacent to the wall surfaces, cannot be discounted. Although roughened surfaces were employed, previous work (10) has demonstrated that significant nonhomogeneity can nonetheless exist at roughened walls when the level of cell aggregation is high.
It is to be noted that the decay curves approach values of balance reading corresponding to the yield stress in an asymptotic fashion. For a given pair of decay curves, the error in determining the true AM was estimated by plotting AM vs. d(AM)/d*, and extrapolating to zero as well as by plotting AM vs. \/t and extrapolating to l/f = 0. In both cases the resulting plots were curved and inflected, but fairly accurate extrapolation was possible. These plots indicated that the error in determining the true AM was of the order of 10ft Thus this error was small in comparison with variations often observed in successive determinations of the yield stress.
The blood samples investigated in this study were used chiefly because of their availability in this laboratory. Temperature control was not provided for in the present instrument, for simplicity and because of the sensitivity of the balance to temperature effects. Previous work with both blood and other suspensions (11, 14) has indicated, however, that the yield stress is substantially independent of temperature. No effect of sample age was noted as long as samples were run on the same day. On succeeding days, however, increases in yield stress by as much as twofold were observed (Table 4 ). It is recognized that many variables are involved in measurement of red cell aggregation in vitro, especially in blood from patients with respiratory disorders. Studies involving careful control of variables will be necessary before conclusions can be drawn with regard to various types of pathological bloods.
The physiological implications of the fact that blood exhibits a yield shear stress as no-flow conditions are approached are not yet known (3) . Of particular interest is the question of blood flow distribution in vascular beds, for in organs where transfer of vital matter takes place, alterations in blood flow distribution may affect the well-being of the entire organism. For the lung, ventilationperfusion relationships have received much study, but little is known of the rheological bases underlying these measurements. The situation is complicated by variation of the ventjlation-perfusion ratio in normal lungs; the unevenness is even more accentuated in abnormal cases (17) . Segel and Bishop (18) have made a careful study of viscosity reduction by venesection in conjunction with cardiac catheterization of patients with respiratory disease but did not consider erythrocyte aggregation.
Model studies based on a fluid possessing a yield stress (present authors, in press 4 ) show that large changes in flow distribution, and even reversal of flow direction, can take place in simple networks of rigid tubes. On the other hand, the non-Newtonian powerlaw model (7, 19) predicts no changes in 4 Bull. Physio-pathol. Respiratoire, vol. 4, 1968. flow distribution at all. These studies suggest that alterations in blood flow distribution in vivo should show up experimentally in analyses of dye-dilution curves by the method of Gomez (20, 21) , which in turn should correlate with measurements of the yield stress obtained in vitro. For example, since the yield stress decreases with hematocrit, one would expect that a dye-dilution curve obtained after venesection would be less skewed than one obtained before.
The parallel-plate geometry employed in the present method is seen to show some theoretical and practical advantages over a concentric cylinder system. First of all, rigorous treatment of Couette viscometer data requires use of the Krieger-Elrod (22) relations, which are not easy to apply in practice as they may require differentiation of the original data several times. Use of the powerlaw model to fit the data has been recommended (23), but this is not always valid. Although the data may be fitted by the powerlaw model over a limited region, use of the equation for calculating successive derivatives to the same order of accuracy is not necessarily justified. Secondly, the Krieger-Elrod method is not valid for very low shear rates, for which the shear stress at the outer cylinder may fall below the yield stress. Finally, end effects may be a problem in the Couette system, for although the top and bottom of the measuring cylinder may contribute negligible torque at finite rotation speeds, this will not be true as the yield point is approached. That is, under static conditions a fluid having a yield stress will ideally exert this stress at all parts of the cylinder surface, including the ends. As the parallel-plate system avoids these problems, it is anticipated that such a system, and in particular one in which the suspended plate is exactly centered in the gap, will provide additional information with regard to the rheological properties of blood.
